Bronchopulmonary dysplasia (BPD), a chronic lung disease of infancy, is characterized by arrested alveolar development. Pulmonary angiogenesis, mediated by the vascular endothelial growth factor (VEGF) pathway, is essential for alveolarization. However, the transcriptional regulators mediating pulmonary angiogenesis remain unknown. We previously demonstrated that NF-B, a transcription factor traditionally associated with inflammation, plays a unique protective role in the neonatal lung. Therefore, we hypothesized that constitutive NF-B activity is essential for postnatal lung development. Blocking NF-B activity in 6-day-old neonatal mice induced the alveolar simplification similar to that observed in BPD and significantly reduced pulmonary capillary density. Studies to determine the mechanism responsible for this effect identified greater constitutive NF-B in neonatal lung and in primary pulmonary endothelial cells (PEC) compared with adult. Moreover, inhibiting constitutive NF-B activity in the neonatal PEC with either pharmacological inhibitors or RNA interference blocked PEC survival, decreased proliferation, and impaired in vitro angiogenesis. Finally, by chromatin immunoprecipitation, NF-B was found to be a direct regulator of the angiogenic mediator, VEGFreceptor-2, in the neonatal pulmonary vasculature. Taken together, our data identify an entirely novel role for NF-B in promoting physiological angiogenesis and alveolarization in the developing lung. Our data suggest that disruption of NF-B signaling may contribute to the pathogenesis of BPD and that enhancement of NF-B may represent a viable therapeutic strategy to promote lung growth and regeneration in pulmonary diseases marked by impaired angiogenesis. bronchopulmonary dysplasia; endothelial cells; vascular endothelial growth factor receptor-2 THE FORMATION OF THE ALVEOLI by secondary septation allows for the 20-fold increase in surface area of the lung, necessary for effective air breathing existence (15). Bronchopulmonary dysplasia (BPD), a chronic lung disease that affects premature infants (67), results from disrupted secondary septation, leading to larger and fewer alveoli, thereby reducing gas exchange surface area (27). Infants with BPD require significant respiratory support early in life and have an increased risk for developing lung diseases in the future, such as asthma, pulmonary hypertension, and emphysema (17, 25, 74) . Physiological angiogenesis is essential for postnatal lung development, and compromised pulmonary angiogenesis impairs alveolarization, Fig. 2. NF-B is constitutively active in the developing pulmonary vascular endothelium. A: representative confocal immunofluorescent images from frozen sections of adult and neonatal lung tissue immunostained to detect the NF-B subunit, p65 (red), and CD31 (green). The presence of nuclear (active NF-B) is visualized by a pink signal. In the composite panels a single endothelial cell (EC) is magnified and shown in the insets. Arrows indicate examples of CD31-positive cells with p65 in the nucleus. Scale bar ϭ 100 m. B: representative confocal fluorescent images of adult (top) and neonatal (bottom) pulmonary endothelial cells (PEC) demonstrating localization of the NF-B subunit, p65 (red) in CD31-labeled (green) ECs. Few p65-positive nuclei were observed in adult PEC, compared with multiple positive nuclei in the neonatal PEC. Scale bar ϭ 50 m. C: in vitro bromodeoxyuridine (BrdU) incorporation assays performed in adult (solid bars) and neonatal (shaded bars) PEC, 2-24 h after stimulation with endothelial growth media (EGM) containing 5% FBS and EC
leading to BPD. Moreover, signaling via the vascular endothelial growth factor (VEGF) signaling pathway appears to specifically drive postnatal angiogenesis and alveolarization. VEGF expression is decreased in the lungs of infants dying from BPD (9) and in a neonatal rat model of BPD induced by hyperoxia (70) . Inhibiting VEGF receptor-2 (VEGFR2) in neonatal rats causes rarefaction of pulmonary vessels and impairs alveolar formation (34) , whereas enhancement of VEGF signaling rescues the alveolar disruption induced by hyperoxia. Blocking postnatal angiogenesis impairs alveolarization in animal models (40) , and decreased pulmonary capillary density is observed in patients dying from BPD (9) . However, although the connection between angiogenesis and postnatal lung development is clear, the transcriptional regulators mediating postnatal pulmonary angiogenesis are not known.
During development, the NF-B family of transcription factors plays a key role in cell survival, lymphocyte differentiation, and innate immunity (23, 73) . The NF-B family is comprised of five subunits, each able to homo-or heterodimerize with each other and associate with alternate transcription factors, thereby enabling regulation of genes in a tissue-and context-specific manner (32) . NF-B dimers remain inactive in the cytoplasm of cells in association with an inhibitory protein, IB. Activation of NF-B by the IB kinases, IKK-␣ and -␤, in response to cytokines, growth factors, or bacterial products results in the phosphorylation and subsequent degradation of IBs (52) . The removal of IB allows active NF-B complexes to translocate into the nucleus and regulate diverse downstream targets that regulate inflammation, cell adhesion, and cell survival. Clinical and experimental evidence has implicated NF-B-mediated gene regulation in the pathogenesis of a number of pulmonary diseases including acute lung injury, asthma, and cystic fibrosis (14, 20, 24, 69) . In the vasculature, increased NF-B activity plays a key pathogenic role in a number of diseases marked by inflammation and abnormal proliferation, including aneurysm formation (4, 5) , pulmonary hypertension (51, 63) , and atherosclerosis (21) . However, although extensive data links increased NF-B to pulmonary and vascular pathology, a physiological role for NF-B in pulmonary vascular development has not been previously described.
In contrast to its well-described pathological role in the adult, our previous work identified a uniquely protective role for NF-B in the neonate (2) . Although both neonatal and adult mice activated NF-B in the lung after exposure to systemic lipopolysaccharide (LPS), the lungs of the neonatal mice were significantly less inflamed than the adult lungs. Furthermore, whereas blocking NF-B in LPS-treated adult mice decreases lung inflammation (11, 35) , we found that blocking NF-B in the LPS-treated neonatal mice paradoxically increased inflammation. This observation motivated the hypothesis that perhaps NF-B plays an essential role in the developing lung.
In this study, we demonstrate that pharmacological blockade of NF-B in neonatal mice reduces pulmonary capillary density and induces the alveolar simplification pathognomonic for BPD. We identify a high level of constitutive NF-B activity in the neonatal pulmonary endothelium compared with the adult pulmonary endothelium. Furthermore, blocking NF-B increases apoptosis, decreases proliferation, and impairs angiogenesis, suggesting that this constitutive NF-B activity is critical for neonatal pulmonary endothelial cell (PEC) homeostasis. Finally, as a putative mechanism accounting for these effects, we demonstrate that NF-B directly regulates the expression of the proangiogenic molecule, VEGFR2, in the developing pulmonary vasculature.
MATERIALS AND METHODS
Animal model. Neonatal (6 day) C57BL/6 mice were injected intraperitoneally (i.p.) with either vehicle (DMSO in PBS ϩ 20% Tween-80) or 10 mg/kg of BAY 11-7082 (EMD Chemicals, Gibbstown, NJ). For each litter, half of the pups were given vehicle, and half of the pups treated with BAY. At 24 h and 7 days after treatment, the animals were killed and lungs were fixed at 25 cm H 2O pressure with 10% formalin and paraffin embedded for histology. Similar experiments were performed in adult mice (aged 8 -12 wk) treated with vehicle or BAY, with formalin fixation at 24 h and 7 days. Frozen sections of control neonatal and adult mice and in neonatal mice 24 h after vehicle or BAY treatment were obtained by first inflating the lungs with a 1:1 ratio of PBS and optimal cutting temperature compound (OCT)-embedding medium (Sakura Finetek, Torrance, CA) at a pressure of 35 cm H 2O pressure (due to the high viscosity), then immersed in OCT, and snap frozen before cryosectioning. Additional neonatal lungs were snap frozen at 8 and 24 h for RNA and protein isolation. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Stanford University.
Morphometry. Morphometric analysis was performed on neonatal and adult lung sections after formalin fixation (described above). For each animal, the entire lung was sectioned serially, and multiple areas of the lung were evaluated by performing measurements on three randomly chosen sections that were at least 250 m apart in distance. Brightfield images of hematoxylin and eosin (H&E)-stained lung tissue were acquired using a Leica DM5500 upright microscope and a Micropublisher 5MPixel, color digital camera, using HC Plan Apo 25-mm objectives at ϫ10 and ϫ20 magnification (Leica Microsystems, Buffalo Grove, IL). Radial alveolar counts were determined in a minimum of 30 perpendicular lines per animal (19) derived from three lung sections per animal and averaged to give a single value per mouse. The mean linear intercept was determined using the method described by Knudsen et al. (37) on five randomly chosen ϫ20 images per section, with the total values derived from three sections averaged into a single value per mouse (37) . For each experiment, 5-8 animals per group were used. CD31 immunohistochemistry. Formalin-fixed lung sections were incubated with primary antibody for platelet endothelial cell adhesion molecule (PECAM)-1 (Dianova, Hamburg, Germany), and formalinfixed lung tissue was incubated with a biotinylated primary antibody against PCNA (Invitrogen, Carlsbad, CA) overnight at 4°C. Slides were then incubated with the appropriate biotinylated secondary antibody, followed by Vectastain ABC reagent (Vector Laboratories, Burlingame, CA), and color was developed with diaminobenzidine peroxidase substrate per the manufacturer's protocol (31) . The CD-31 immunoreactive (endothelial) area relative to air-exchanging parenchymal area was determined in 15 nonoverlapping, random fields, derived from three lung sections that were at least 250 m apart in distance, using a point-counting method in which a computer-derived 7,575-point lattice grid was superimposed on the images, and the number of points falling on CD-31-positive tissue was divided by the number of points falling on parenchymal tissue. The values were then averaged to derive a single value of vascular density for each animal.
Immunofluorescent staining of lung tissue. Neonatal and adult lung tissue was collected after either cryo-preservation or formalin fixation as described above. Fixed tissue sections were deparaffinized and rehydrated. A basic antigen retrieval solution (R&D Systems, Minneapolis, MN) has been applied for 30 min at 95°C (tissues have been cooled down for 30 min at room temperature). Both fixed or frozen tissue sections were submitted to a 30-min treatment with a 1ϫ PBS/0.25% Triton-X 100 solution, after which they were rinsed in PBS for 5 min twice. To quench the autofluorescence generated by aldehyde residues, fixed tissue sections were incubated for 20 min in a 100 mM glycine solution (pH 7.5), followed by treatment with 0.5% Pontamine Sky Blue 5BX (Sigma, St. Louis, MO). Lipofuscein autofluorescence was reduced in frozen sections by treatment with 10 mM CuSO 4 for 15 min (65) . After the quenching of the autofluorescence, both frozen and fixed tissue sections were incubated for 40 min in nondiluted Sea Block Blocking Solution (Thermo Scientific, Waltham, MA), rinsed in PBS, and then incubated in nondiluted Fc Receptor Blocker solution (Innovex Biosciences, Richmond, CA) for 30 min. After being rinsed in PBS, tissue sections were then incubated overnight at 4°C with either of the following primary antibodies: VEGFR2 (1:250; Cell Signaling, Danvers, MA), PCNA (1:150; Abcam, Cambridge, MA), active caspase-3 (1:200; Cell Signaling), NF-B-p65 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA); the endothelial cells were then labeled by incubation with antibodies against CD31 (1:200 for frozen tissue; BD Pharmingen, San Diego, CA; or 1:200 for fixed tissue; Dianova ). After being probed with the primary antibody, sections were washed in PBS for 3 ϫ 10 min and then incubated with the suitable fluorochrome-labeled secondary antibodies: goat anti-rabbit Alexa Fluor 488, goat anti-rat Alexa Fluor 647, and goat anti-rabbit Alexa Fluor 568 (1:200; Invitrogen/Molecular Probes). Chromatin was counterstained with 10 mg/ml Hoechst reagent (Sigma-Aldrich) diluted in H2O (1:10,000). Specimens were examined by confocal microscopy using an Olympus FV-1000 laser scanning confocal microscope (HeNe/Ar). The acquisition parameters for the photomultiplier included a detector gain of 1, amplifier offset 1%, and the high voltage values for each spectral line of 450 for blue and 650 for green or red. Images were captured sequentially for each spectral line and corrected using Kalman filtered algorithm. Images were obtained with either ϫ40 or ϫ60 oil immersion objectives, using a zoom factor of 1 or 2. Confocal aperture was 80 m, acquisition mode was slow (4 -8 pixel/s), and xy-frame size was 2,048 ϫ 2,048 pixels. The interval values on the Look Up Table were 0 -4,045 for the blue spectral line, 150 -1,500 for the red spectral line, and 50 -750 for the green spectral line. The laser power applied on the samples was 5% for the blue laser, 15% for the red laser, and 25% for the far-red laser. Confocal micrograms were processed using Fluoview software (Olympus). Each selected frame is a representative image obtained from serial confocal Z-sections (where the Z-interval between 2 sections was 0.2 m) within a stack of 20 sections.
Isolation of PEC. PEC were isolated from neonatal and adult mouse lungs after digestion of whole lung tissue with collagenase IA (0.5 mg/ml) for 30 min at 37°C, and incubation of cell homogenate for 15 min was done at room temperature with anti-CD31-coated magnetic beads (Dynabeads, Invitrogen) (29), followed by magnet separation per the manufacturer's protocol. PEC were then cultured in endothelial growth media (EGM) containing 5% FBS (Microvascular EBM-2; Lonza, Basel, Switzerland) at 37°C in 5% CO2. Cells from passages 1-3 were used for all experiments (29) .
Characterization of PEC by flow cytometry.
Neonatal PEC (passage 1 or 2) were detached by using TrypLE-Express solution (Invitrogen) and characterized by immunolabeling using the following antibodies: anti-mouse cell membrane markers: CD45 (BD Pharmingen), CD102-FITC (BD Pharmingen), and Flk-1/VEGFR2-PE (BD Pharmingen). Cells were incubated with specific antibodies for 45 min, after which cells were analyzed by using a LSRII flow cytometer (BD Pharmingen). Raw data were processed by FACSDiva 6.1 software (BD Pharmingen). The number of the counted events was 30,000. Gating for cell debris was applied as well as compensation factors for the Ab-tandem tests or autofluorescence. Results obtained for fixed cells were compared with preliminary data obtained on live cell tests, and they did not differ significantly.
Immunocytochemistry. PEC treated with and without BAY were grown for 24 h on glass chamber slides (BD Biosciences, San Diego, CA), fixed with 90% cold ethanol for 15 min, and air-dried (10 min). Fixed cells were rehydrated with PBS for 30 min at room temperature and then treated with buffer containing 0.1% sodium citrate, 0.1% Triton-X 100, for 10 min. Cell samples were incubated with primary antibodies against PECAM (Beckton Dickinson, Franklin Lakes, NJ), p65 (Santa Cruz Biotechnology), active caspase-3 (Abcam), or PCNA (Abcam) overnight at 4°C. After being washed in PBS, the cells were incubated for 45 min at room temperature with goat-anti rat FITC-and anti-rabbit TRITC-labeled secondary antibodies (Invitrogen/Molecular Probes), washed three times, and incubated with Hoechst reagent chromatin staining (1 g/ml) (Sigma-Aldrich). Fluorescent images were captured and quantified using a Leica DM5500B Upright Microscope and Photometrics CoolSNAP HQ 2 CCD camera, using HC Plan Apo 25-mm objectives at ϫ40 magnification, and Methamorph Image analysis software (Molecular Devices, Sunnyvale, CA). Green signals were captured at a wavelength of 488 nm, red signals at 568 nm, and blue signals at 340 nm.
EMSA. Nuclear extracts were obtained from the PEC using the NE-PER kit (Pierce, Rockford, IL), and protein concentration was determined by the Bradford method. A total of 10 mg of protein was used for binding reactions using ␥Ϫ 32 P-labeled oligonucleotides containing the B consensus sequence (Promega, Madison, WI) in a binding buffer containing 500 ng of salmon sperm DNA, 0.01 U of poly(dI-dC), and 0.5 mM DTT (EMD Chemicals) as described previously (2) . Supershift experiments were conducted with the addition of 2 ml of anti-p65, p50, p52, cRel, and RelB antibodies (Santa Cruz Biotechnology) to the nuclear extracts 30 min before the addition of the radiolabeled probe. Nuclear extracts were incubated with the radiolabeled B probe at room temperature for 30 min and electrophoresed on 6% polyacrylamide gels. To distinguish nonspecific binding of the nuclear proteins, competition reactions were performed by adding 100-fold excess nonradiolabeled B probe (2) .
Proliferation assays. Proliferation of neonatal and adult PEC (P2) was determined by performing bromodeoxyuridine (BrdU) incorporation assays. Six thousand PEC were plated into each well of a 96-well plate and synchronized by incubation in starvation media (0.2% FBS) for 16 h, allowing for 70% confluence at the start of the experiment. The starvation media was then removed and replaced with EGM in addition to BrdU. The incorporation of BrdU was measured by ELISA at 2, 6, 12, and 24 h after serum stimulation with media per the manufacturer's protocol (Roche Diagnostics, Mannheim, Germany).
For the studies determining the effect of BAY on PEC proliferation, 6,000 PEC were plated in each well (96-well plate) and allowed to attach in EGM for 24 h. The cells were starved for 12 h before the beginning of the experiment (media with 0.2% serum). After starvation, the media was replaced with starvation media containing vehicle control (DMSO, 1:40,000) or BAY (2.5 M), in the presence or absence of recombinant mouse VEGF-A (50 ng/ml) (R&D Systems), and the cells were counted at 48 h using a hemocytometer (31) .
Apoptosis assays. For comparisons between neonatal and adult PEC, 10,000 PEC were plated into each well of a 96-well plate and allowed to attach for 24 h in complete EGM. At time 0, EGM was replaced with starvation media and the amount of cleaved caspase-3 and -7 was measured using a GloMax 96-well plate luminometer and the Caspase Glo-3/7 reagent (Promega) at 2-24 h. For apoptosis assays performed on neonatal cells treated with vehicle or BAY, 10,000 PEC were plated in each well and allowed to attach for 16 h in EGM. After 16 h, EGM was replaced with starvation media containing either vehicle (DMSO, 1:20,000 or 1:40,000) or BAY (2.5 or 5.0 M), and the amount of cleaved caspase-3 and -7 was measured using a GloMax 96-well plate luminometer and the Caspase Glo-3/7 reagent (Promega) at 2-24 h.
In vitro angiogenesis assay. PEC were pretreated for 4 h in starvation media containing either vehicle (DMSO) or BAY (2.5 M). Cells in starvation media containing either DMSO or BAY were plated into 24-well dishes coated with Reduced Growth Factor Basement Membrane Extract (Trevigen, Gaithersburg, MD) in the presence or absence of VEGF-A (50 ng/ml). Additional experiments were performed on PEC 40 h after transfection with siRNA against IKK-␣ or IKK-␤. For all experiments, representative images of tube networks were obtained at 4 h, and the total tube length per ϫ4 field was quantified in a blinded fashion using Bioquant Image Analysis software (R&M Biometrics, Nashville, TN).
RNA interference. PEC were transfected using either IKK-␣ or IKK-␤ On-Target Plus SMART pool siRNA or nontargeting siRNA as a control (Dharmacon; Thermo Fisher Scientific, Lafayette, CO) and Lipofectamine 2000 (Invitrogen) for 6 h. RNA was isolated at 36 h using the RNeasy kit (Qiagen, Valencia, CA) for qPCR, and whole cell protein lysate was extracted at 42 h for Western immunoblot. Additional siRNA-treated cells were used at 40 h posttransfection for in vitro angiogenesis assays as described above.
Quantitative RT-PCR. Total RNA was isolated from PEC and whole mouse lung using the RNeasy kit (Qiagen). RNA (2 g) was reverse-transcribed using Superscript III (Invitrogen), and qPCR was performed using TaqMan primers (Applied Biosystems, Carlsbad, CA) as described previously (2) . Quantification of target gene expression was performed after normalizing to the expression of Hsp90ab1, identified by a PCR array (SABiosciences, Qiagen) as the most stable housekeeping gene for our experimental groups.
Western immunoblot. Cytoplasmic and nuclear protein was extracted from frozen lung tissue and PEC using the NE-PER kit (Pierce) . Whole cell lysates were obtained from PEC using a lysis buffer containing 10 mM Tris·HCl and 1% SDS, heated to 100°C. Protein lysates were quantified using the Bradford method and then subjected to SDS-PAGE. Membranes were incubated with primary antibodies to detect VEGFR2 (Santa Cruz Biotechnology), IKK-␣, and IKK-␤ (Cell Signaling) and the appropriate horseradish peroxidase-conjugated secondary antibody, followed by detection with enhanced chemiluminescence reagents (GE Life Sciences, Piscataway, NJ) (2) .
Chromatin immunoprecipitation. For PEC, vehicle-(DMSO) and BAY-treated endothelial cells were formaldehyde cross-linked for 4 h, and the chromatin was sheared using an enzymatic method per the manufacturer's protocol (Active Motif, Carlsbad, CA). For tissue, neonatal (6 day) C57BL/6 mice were injected i.p. with either vehicle (DMSO in PBS ϩ 20% Tween-80) or 10 mg/kg of BAY 11-7,082 (Calbiochem, La Jolla, CA). At 24 h, the animals were killed, and lungs were fixed with 4% formalin for 10 min. For both cells and tissue, chromatin was immunoprecipitated using an antibody against p65 or mouse IgG (Santa Cruz Biotechnology), and the ChIP-IT Enzymatic Express Kit (Active Motif). PCR for VEGFR2 was performed using the following primers: 5-ggaaacccaaacctggtatccagtg-3 (forward); and 5-aaagagagcgccggctacac-3 (reverse), based on the published sequence (51a), and yielding a 111-bp predicted product.
Statistics. All data are presented as means Ϯ SE. Statistical differences between two groups were determined by Student's t-test and between more than two groups by one-way ANOVA, followed by Neumann-Keuls Multiple-Comparison post hoc analysis. A P value of Յ 0.05 was considered statistically significant.
RESULTS

Inhibiting NF-B impairs pulmonary angiogenesis and arrests alveolar development.
At term, the murine lung is in the saccular stage of development, similar to that of a premature infant, and begins alveolarization only postnatally, thus serving as a valuable model for investigating the mechanisms regulating alveolar development. To determine whether NF-B activity is required for postnatal lung development, we treated neonatal mice with a selective and irreversible pharmacological inhibitor of IKK-␣ and -␤, BAY 11-7082 (BAY) (54) . We choose this strategy because the presence of five NF-B subunits and multiple distinct mechanisms of activation suggest a functional redundancy that may be impervious to a strategy that targets only one component of the pathway. We first show that blocking NF-B with BAY arrests alveolar development in neonatal mice ( Fig. 1A) , as indicated by decreased radial alveolar counts (RAC) (7.7 Ϯ 0.24 vs. 6.2 Ϯ 0.21) and increased mean linear intercepts (MLI) (33.7 Ϯ 1.4 vs. 41.8 Ϯ 1.8 m) in BAY-treated animals compared with controls ( Fig. 1A) . In contrast, BAY treatment did not affect either the RAC (9.7 Ϯ 0.17 vs. 10.3 Ϯ 0.5, P ϭ NS) or MLI (29.4 Ϯ 1.7 vs. 28.3 Ϯ 1.7, P ϭ NS) in adult mice (BAY vs. vehicle treated).
This developmental difference was further highlighted by experiments performed to evaluate the long-term effect of BAY on alveolarization. Administration of a single injection of BAY to the neonatal mice resulted in a 60% mortality by 7 days. Examination of the lungs of surviving neonates at 7 days demonstrated a persistent and profound arrest in alveolarization ( Fig. 1B ), suggesting that inhibition of NF-B during this critical window in alveolar development has long-standing consequences on lung growth. In contrast, there was no associated mortality observed in adult animals treated with the Development of the alveolar capillary network by angiogenesis is essential for the process of alveolarization, and disruption of angiogenesis causes enlargement of the airspaces, similar to that seen in infants with BPD (40, 70) . Therefore, we next evaluated whether BAY treatment impaired pulmonary capillary development in the neonatal mouse lung. We immunostained lung sections from control and BAY-treated mice with an antibody against CD31 and found that inhibiting NF-B with BAY significantly reduced pulmonary capillary density by 24 h, even when accounting for the overall reduction in lung tissue in this group (Fig. 1C) .
NF-B is constitutively active in the developing pulmonary vascular endothelium. NF-B subunits are ubiquitously expressed (3, 30, 59) but typically remain inactive in the cytoplasm and translocate to the nucleus only after stimulation. Although BAY treatment could potentially block NF-B activity in multiple cell types within the lung, we hypothesized that effects on the endothelium would be critically important for alveolarization. The focus on endothelial cells was based on the observations that 1) BAY treatment significantly reduced pulmonary capillary density and 2) loss of IKK-␤ in EC has been shown to impair EC survival, migration, and neovascularization after ischemia (6) .
To test whether NF-B was constitutively active in the neonatal pulmonary endothelium, we first immunostained frozen sections of lung tissue obtained from the neonatal and adult mice under control conditions to detect the nuclear presence of the NF-B subunit, p65, and the endothelial-specific marker, CD31. Examination by confocal microscopy demonstrated that, in the adult lung, p65 was expressed diffusely throughout the lung, but its localization was primarily cytoplasmic ( Fig. 2A, top) . Specific examination of the EC demonstrated that, under control conditions, p65 was rarely found in the nucleus ( Fig. 2A, top, inset) , suggesting minimal constitutive NF-B activity in the mature lung. In contrast, numerous cells within the neonatal lung contained p65 in the nucleus, including many EC ( Fig. 2A, bottom, inset) .
We then confirmed this difference in the amount of NF-B active in neonatal and adult pulmonary endothelium by isolating primary PEC from the lungs of neonatal and adult mice. The PEC were first characterized by flow cytometry and found to be exclusively CD45-and Ͼ95% CD102ϩ (data not shown). Furthermore, by immunostaining, Ͼ95% of the cells stained positively for CD31. We then immunostained the adult PEC for p65 and demonstrated primarily cytoplasmic staining and little nuclear staining (Fig. 2B, top) , consistent with previous reports of minimal NF-B activity in the pulmonary endothelium under unstimulated conditions (77) . In contrast, the majority of neonatal PEC displayed prominent nuclear p65 immunoreactivity (Fig. 2B, bottom) , with a greater than threefold increase in p65-positive nuclei in the neonatal vs. adult PEC (54 Ϯ 5.4 vs. 16.3 Ϯ 1.7, P ϭ 0.0002).
NF-B is a key regulator of cell survival and proliferation. Increased constitutive activity in cancer cells has been associated with an antiapoptotic and proproliferative phenotype (10, 45, 55) . Therefore, we next explored whether basal survival and proliferation differed in the adult compared with neonatal PEC. By assessing BrdU incorporation in response to serum stimulation, the neonatal PEC were found to proliferate faster than the adult PEC (Fig. 2C ). In addition, the neonatal PEC were also more resistant than the adult PEC to apoptosis in response to serum deprivation (Fig. 2D) .
BAY 11-7082 effectively decreases NF-B activity in vitro and in vivo. We then performed experiments to elucidate how blocking NF-B activity in the neonatal lung impairs alveolarization. We first confirmed that BAY treatment effectively blocks constitutive NF-B activity in the neonatal lung and PEC. We immunostained lung sections from vehicle-and BAY-treated mice at 24 h and found by confocal microscopy that BAY markedly reduced the amount of p65 nuclear signal (Fig. 3A) . Similar results were obtained in vitro in the neonatal PEC, where increasing doses of BAY resulted in qualitative decrease in nuclear staining along with a concomitant increase in p65 cytoplasmic staining (Fig. 3B) .
By EMSA, we identified a single NF-B complex that was active in the neonatal PEC under control conditions (Fig. 3C,  lanes 1-3) and found that this complex was decreased in a dose-dependent manner by incubation with BAY ( Fig. 3C,  lanes 4 -8) . Interestingly, the neonatal PEC demonstrated an exquisite sensitivity to BAY. Doses of BAY below those required to block NF-B in other cells (41, 48) were extremely effective in the neonatal PEC, with 2.5 M decreasing binding by ϳ50% and 5 M decreasing binding by more than 70%. We then performed supershift experiments using antibodies against each of the five known NF-B family subunits. The addition of antibodies against either p65 or p50 resulted in an upward shift of the complex (Fig. 3D, lanes 3 and 4) , whereas antibodies against p52, cRel, and RelB had no effect on complex binding (Fig. 3D, lanes 5-7) . This indicates that the NF-B dimer constitutively active in the neonatal PEC is a heterodimer comprised of p65 and p50.
Blocking NF-B increases apoptosis and decreases proliferation of neonatal PEC. The prominent nuclear presence of NF-B in the developing endothelium and the high sensitivity to BAY suggested an essential role for constitutive NF-B in immature PEC homeostasis. Thus we next performed functional assays on the neonatal PEC in the presence and absence of NF-B blockade. We first evaluated the effect of blocking NF-B on PEC survival by immunofluorescent staining and found that BAY treatment induced a qualitative, dose-dependent increase in active caspase-3 immunostaining (Fig. 4A) . These results were then confirmed using a quantitative assay to measure caspase-3 and -7 activity. We found that treatment with 5 M of BAY rapidly induced PEC apoptosis, beginning at 4 h and continuing through 8 h (Fig. 4B ), after which time the signal decreased due to death of the cells. However, treatment with a lower dose of BAY (2.5 M) increased PEC apoptosis only slightly at 24 h. Immunostaining lung tissue from vehicle-and BAY-treated neonatal mice at 8 h to detect active caspase-3 followed by confocal microscopy demonstrated a small amount of basal apoptosis in the neonatal murine lung under control conditions; however, very few of these cells were CD31 positive. BAY treatment markedly increased active caspase-3 immunoreactivity in the lung, including numerous cells that were active caspase-3-and CD31double positive (Fig. 4C, arrows) .
We also determined the effect of NF-B inhibition on PEC proliferation. The majority of immature PEC nuclei were positive for PCNA under control conditions, and the number of positive nuclei decreased with increasing concentrations of BAY (Fig. 4D) . We confirmed and quantified this effect on proliferation by performing a BrdU incorporation assay. To limit the confounding effects of cell death, these experiments were performed using the 2.5 M dose of BAY. Treatment with this lower dose of BAY attenuated the proliferative response induced by serum stimulation at 12 and 24 h ( Fig.  4E) . A similar role for NF-B in modulating proliferation in the whole lung was demonstrated by immunostaining lung sections from vehicle-and BAY-treated mice at 8 h to detect PCNA. Under control conditions, there was a large number of PCNA-positive cells evident by confocal microscopy (Fig. 4F,  top) . Blocking constitutive NF-B activity with BAY reduced the amount of proliferating cells in the neonatal lung, including a qualitative decrease in the number of PCNA-positive EC (Fig. 4F, bottom) . Taken together, these data demonstrate that constitutive NF-B activity in the neonatal PEC is necessary for both survival and proliferation.
Blocking NF-B impairs angiogenesis in vitro. To characterize the role of NF-B in modulating angiogenesis in the immature PEC, we next pretreated cells with either vehicle or BAY before performing in vitro angiogenesis assays. Control PEC rapidly formed thin capillary tubes on reduced growth factor basement membrane extract, even in the absence of VEGF (Fig. 5A) . In contrast, 4-h pretreatment with BAY markedly attenuated PEC tube and network formation. Furthermore, although the addition of VEGF significantly enhanced tube formation in control cells, it had no effect in the BAYtreated PEC, demonstrating that blocking NF-B disrupts angiogenesis in vitro and that this effect cannot be rescued by VEGF.
Although increased NF-B activity has been linked to the pathological angiogenesis observed in cancer, the distinct roles that IKK-␣ and -␤ play in modulating this effect are not clear. IKK-␣ is increased in the vasculature of lung adenocarcinomas, and overexpression of IKK-␣ enhances in vitro angiogenesis in human umbilical vein EC. However, overexpression of IKK-␤ does not induce this effect (22) . This is in contrast to a very recent report demonstrating that EC-specific loss of IKK-␤ impairs neovascularization after ischemia (6) .
Therefore, to evaluate the relative proangiogenic contribution of IKK-␣ vs. IKK-␤ in the immature PEC, we disrupted IKK signaling in a subunit-specific manner using RNA interference. Transfection of the PEC with siRNA targeting IKK-␣ markedly decreased IKK-␣ gene and protein expression without affecting the levels of IKK-␤ (Fig. 5B) . Converse results were obtained after transfection with siRNA targeting IKK-␤ (Fig. 5C ). Despite marked reductions in gene and protein expression, siRNA against IKK-␣ only mildly decreased NF-B complex binding in the PEC, whereas siRNA against IKK-␤ decreased NF-B binding to a greater degree (Fig. 5D ). However, even modest decreases in NF-B binding produced by either IKK-␣ or IKK-␤ siRNA impaired in vitro angiogenesis (Fig. 5E ). This observation provides evidence that both -7) , with the shift produced by the addition of p65 antibodies (lane 3) labeled as S1, and that produced by p50 antibodies (lane 4) labeled S2. Lanes 5-7 contained supershift reactions using antibodies against p52, cRel, and RelB, respectively. kinases are required for NF-B to optimally mediate angiogenesis in the neonatal PEC.
NF-B regulates the expression of VEGFR2 in the developing lung. To identify the mechanism by which NF-B promotes angiogenesis in the PEC, we chose to focus on the capacity of NF-B to regulate the VEGF pathway, as VEGFmediated signaling is essential for postnatal lung angiogenesis (40) . The rationale for this focus includes our observation that exogenous VEGF was unable to rescue the PEC from the effects of BAY. Furthermore, the murine VEGFR2 promoter contains a putative B binding site, and the induction of VEGFR2 expression by hypoxia-induced mitogenic factor is thought to be NF-B dependent (60, 71) . Thus we evaluated the gene and protein expression of VEGFR2 in the neonatal PEC and found that BAY induced a dose-dependent decrease in VEGFR2 mRNA (Fig. 6A ) and protein (Fig. 6B) , demonstrating that inhibiting NF-B downregulates VEGFR2 expression. In addition, in vivo treatment of neonatal mice with BAY significantly reduced both VEGFR2 mRNA ( Fig. 6C ) and protein (Fig. 6D ) in the whole lung. Furthermore, by using chromatin immunoprecipitation followed by PCR using primers flanking the B binding site within the mouse VEGFR2 promoter, we found that p65 was bound to the VEGFR2 promoter in the neonatal PEC under control conditions (Fig.  6E, lane 2) . Using the same strategy, we demonstrated that BAY completely abolished occupancy of p65 from the VEGF promoter (Fig. 6E, lane 5) . Similar results were obtained by performing chromatin immunoprecipitation in whole lung tissue, where p65 was also found to bind the VEGFR2 promoter in vehicle-treated mice and a reduction of p65 binding was demonstrated after 24 h of BAY treatment. Finally, we performed immunostaining to detect VEGFR2 in frozen lung tissue obtained from neonatal vehicle-and BAY-treated mice at 24 h. Confocal images under high magnification were obtained to specifically evaluate the colocalization of VEGFR2 with the EC-specific marker, CD31. In neonatal control mice, there were a few isolated cells expressing VEGFR2 in the absence of CD31, consistent with reports of epithelial cells also expressing VEGFR2 (1). However, the vast majority of VEGFR2 was expressed by EC (as evidenced by the predominantly yellow/orange signal on the composite image produced by the colocalization of VEGFR2 with CD31), including by many EC located at the tips of the secondary crests (Fig. 6G,  top, arrow) . BAY treatment markedly reduced VEGFR2 immunoreactivity, resulting in minimal colocalization of the two membrane proteins, including an absence of VEGFR2 expressed by the EC located at the septal tips (Fig. 6G, bottom,  arrows) . Taken together, these data demonstrate that NF-B directly regulates VEGFR2 expression in the neonatal pulmonary endothelium.
DISCUSSION
In summary, the present report identifies a novel and developmentally regulated role for the transcription factor NF-B, classically considered a proinflammatory transcription factor, in the neonatal lung. We demonstrate that in vivo blockade of NF-B produces alveolar simplification and loss of distal pulmonary vessels in neonatal mice comparable to that observed in premature infants with BPD. Under basal conditions, there is a high amount of constitutive NF-B activity present in EC isolated from the developing lung, and this basal activity is essential for neonatal PEC survival, proliferation, and in vitro angiogenesis. Furthermore, this report is the first to demonstrate that NF-B regulates VEGFR2 in the developing lung, a key mediator of EC homeostasis and known regulator of angiogenesis.
Our observation that high levels of basal NF-B activity are present in immature PEC is particularly interesting given that constitutive NF-B activity is normally restricted to hematopoietic cells (64) . In mature PEC, as is the case in other cell types, basal NF-B activity is minimal, induced only after stimulation with cytokines, bacterial products, and reactive oxygen species (57, 58) . That constitutive NF-B plays a critical, yet a previously undescribed role in postnatal vascular development is not surprising given that p65 deletion in mice results in early embryonic lethality (8) . In addition, although it is known that widespread gene expression of NF-B subunits occurs early in embryonic development, the kinetics of NF-B activation during organogenesis are not well characterized. The mechanism underlying the higher constitutive activity in immature vs. mature PEC remains unclear but may involve autocrine secretion of growth factors able to persistently activate NF-B in the neonatal cells or posttranslational modifications allowing for more persistent nuclear retention of p65.
We go on to demonstrate that constitutive NF-B in the developing pulmonary endothelium is required for EC proliferation and survival and promotes angiogenesis in vitro and in vivo. NF-B is a key regulator of cell proliferation and survival. NF-B increases the expression of numerous antiapoptotic genes (13, 53) , and constitutive NF-B activity is associated with the antiapoptotic, proproliferative phenotype observed in neoplastic cells (45, 55) . Furthermore, inhibition of NF-B restores the sensitivity to apoptosis, suppresses proliferation of cancer cells (45, 55) , and has therefore been proposed as a possible adjuvant to traditional chemotherapeutic strategies (16, 50) . Taken together with our data, this suggests that constitutive activity of NF-B may confer a developmentally specific, proproliferative, antiapoptotic phenotype to the neonatal PEC that is necessary for angiogenesis.
In this study, we focused on constitutive NF-B activity in the pulmonary endothelium as a key component of the mechanism accounting for alveolar simplification. However, it is possible that NF-B activity in other cell types within the lung also contributes to alveolarization. Expression of the p65 subunit has been shown to be increased in the neonatal lung at postnatal day 2 and decreased in the adult lung; however, the cell-specific pattern of expression has not been characterized (42) . In the same study, Londhe et al. (42) demonstrated that targeted overexpression of p65 in the alveolar type II cells increases alveolar type II cell number by decreasing apoptosis. However, that study did not entail morphometric analysis of the lung, thereby precluding definitive conclusions relative to an effect on lung maturation. Future studies involving the creation of murine models with tissue-specific and conditional deletions of the various NF-B pathway components will be necessary to clarify the cell-specific roles of NF-B activity in the developing lung.
This physiological, proangiogenic role for NF-B during development stands in contradistinction to its pathological role described in the angiogenesis observed in inflammatory diseases and cancer. A number of NF-B-regulated inflammatory cytokines are potent angiogenic stimulators (43, 56) . Macrophages recruited to areas of injury or associated with tumors also possess angiogenic activity due to their ability to secrete many of these same cytokines in an NF-B-dependent manner (49, 66) . Increased NF-B activity has been documented in the vasculature of colorectal and lung carcinoma (22, 62) , and strategies to inhibit NF-B are effective in decreasing tumor angiogenesis. Furthermore, the antiangiogenic effects of the anti-inflammatory compound, thalidomide, have been attributed to its ability to inhibit NF-B (36) . These data begin to delineate the mechanism whereby chronic inflammation induces or exacerbates cancer (28) . However, evidence demonstrating that constitutive NF-B promotes physiological angiogenesis in the absence of inflammation has not been previously described.
Evidence that NF-B is critical for lung angiogenesis and development is of particular significance, given that, exclusive of embryonic development, NF-B plays primarily a pathological role in the lung (75) . NF-B has been implicated in the pathogenesis of inflammatory lung diseases including asthma and the acute respiratory distress syndrome (12, 20, 46, 75) . However, how NF-B modulates inflammation in the developing lung and in diseases of disrupted alveolarization such as BPD is not clear. Although much of the early scientific literature highlights the proinflammatory function for NF-B, recent experimental evidence has shown that the NF-B can also serve to suppress inflammation (26, 38, 39) . Furthermore, there is some evidence to suggest that this anti-inflammatory role may be particularly prominent in the neonate. For example, in contrast to studies demonstrating that NF-B blockade improves endotoxin induced lung injury in adult mice (18) , we have shown that inhibiting NF-B in neonatal mice exposed to LPS paradoxically increases lung inflammation (2) . Similarly, NF-B protects the neonatal lung against hyperoxic lung injury, as mice lacking the NF-B subunit p50 are more sensitive to hyperoxic lung injury (76) . This suggests the existence of distinct pathways that allow NF-B to play either protective or pathological roles. The extent to which these pathways are developmentally regulated or whether the differential downstream gene regulation involves the activation of unique combinations of NF-B dimers or epigenetic mechanisms remain unknown.
In contradistinction to the inducible activation of NF-B that occurs in response to inflammation, we demonstrate an essential role for constitutive NF-B signaling in promoting angiogenesis in the developing lung. Enhancement of NF-B is also associated with the pathological angiogenesis observed in carcinoma of the mature lung (22) . Considered in concert, these reports support the evolving paradigm that developmentally regulated pathways are often recapitulated in pathological states such as neoplasia (68) . Furthermore, it is possible that these same pathways could be reinvoked in an attempt to augment angiogenesis in the setting of adult diseases characterized by airspace loss and rarefaction of small vessels, such as emphysema (72) .
The present paradigm may possess significant clinical implications. If, as our data suggest, NF-B plays an essential role in postnatal lung development, then therapies that decrease NF-B activation may compromise alveolar development. Glucocorticoids, potent inhibitors of NF-B activation (7) , accelerate the development of the surfactant system in the saccular lung but inhibit secondary septation during later lung development (44, 61) . Therefore, suppression of constitutive NF-B activity may be one mechanism whereby glucocorticoids compromise alveolarization at a specific time point during development. In addition, pharmacological inhibitors of NF-B have been developed and are currently being studied as possible adjuvants to standard chemotherapeutics (16) . Given that alveolarization continues into early childhood (33, 47) , our data suggest that use of such strategies in young patients could be detrimental to long-term lung function.
Taken together, our data have palpable clinical and biological relevance. This study is the first to identify NF-B as an essential transcriptional regulator of secondary septation and angiogenesis in the developing lung. We speculate that disruption of NF-B signaling may contribute to the pathogenesis of BPD. Moreover, NF-B may represent a previously unaddressed therapeutic target as strategies to enhance NF-B may be effective in promoting lung growth and regeneration in pulmonary diseases marked by impaired angiogenesis. 
